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a b s t r a c t 

Oxides, hydroxides, and other surface films act as impediments to metallurgical bonding during cold 

spray impact adhesion, raising the critical adhesion velocity and reducing the quality of the deposited 

coating. Using a single-particle impact imaging approach we study how altering the passivating surface 

oxides with exposures to various levels of heat and humidity affect the cold spray critical adhesion veloc- 

ity in the case of aluminum. We analyze the thickness, composition and microstructure of the passivation 

layers with transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Fourier- 

transform infrared spectroscopy (FTIR), and correlate our observations with a direct measurement of the 

critical adhesion velocity for each surface treatment. We conclude that exposures to temperatures as high 

as 300 °C for up to 240 min in dry air, or to room-temperature with humidity levels as high as 50% for 

4 days, have negligible effect on the surface oxide layers, and by extension do not affect the critical 

adhesion velocity. In contrast, ambient-temperature exposure to 95% relative humidity levels for 4 days 

increases the critical adhesion velocity by more than 125 m/s, approximately a 14% percent increase. We 

observe that this distinct change in critical adhesion velocity is correlated with unique changes in the 

passivating layer thickness, thickness uniformity, crystallinity and composition resulting from exposure to 

high humidity. These results speak to particle surface treatments to improve the cold spray process. 

© 2020 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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1. Introduction 

Unlike other spray processes such as plasma spray or high-

velocity oxy-fuel spray, the cold spray process does not require

melting of the powder feedstock [1–4] . Particles are accelerated

to supersonic speeds with a gas jet nozzle, impact a substrate,

plastically deform, and bond to the substrate while remaining in

the solid state. Particle impact velocities, which can be estimated

through theoretical and experimental methods, are controlled by

gas conditions, nozzle geometry, and particle characteristics [12] .

Material build-up occurs when particles impact above a “critical
∗ Corresponding author. 
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elocity”, a well-documented threshold speed required for solid-

tate microparticle adhesion [5 , 6] . Both this critical adhesion veloc-

ty, and the quality of the adhesion that occurs at impact velocities

eyond it, are influenced by a range of variables including the ma-

erial, angle of impact, and particle characteristics such as surface

ondition [5 , 7–11] . 

For metallic bonding to occur, clean and coherent metal contact

t the atomic level is required. However, most metal surfaces oxi-

ize in air at ambient temperature, forming a thin passivation film

hich may gradually thicken over time [13] . This native passiva-

ion layer, which exists on both the metal powder feedstock and

he metal substrate, is believed to act as a barrier to metallurgical

onding and must be broken and displaced during cold spraying to

reate fresh metal-on-metal interfacial contact. Upon impact, cold

pray particles deform and flatten rapidly, in the process form-

ng jets of material at the particle-substrate interface [5 , 6 , 14–16] .

everal researchers have suggested that this jetting phenomenon,

https://doi.org/10.1016/j.actamat.2020.07.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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Fig. 1. Fluidized bed reactor schematics for high temperature and humidity treat- 

ments. 
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r the intense outward ejection of material around the edges of

he particle during impact, is responsible for producing the nec-

ssary clean metal contact [5 , 17–20] . The large strains and exten-

ive plastic deformation involved in jetting extrude material from

oth the particle and substrate, consequently disrupting the passi-

ated surface films while pulling material towards the contact edge

3 , 6 , 8 , 20–23] . 

While models based on adiabatic shear instability [5 , 22 , 24 , 25]

nd hydrostatic pressure release [26–28] have been proposed to

escribe the onset of the jetting-bonding phenomenon, little quan-

itative work has been done to describe the importance of oxide

reak-up in cold-spray-induced bonding. Some empirical correla-

ions between the oxygen content of the powder feedstock and the

ritical adhesion velocity have been previously reported. Studies by

ang et al. [29] and Li et al. [30] , for example, reported that higher

xygen content in the powder feedstock is correlated with a higher

ritical adhesion velocity. Ko et al. [31] and Ichikawa and Ogawa

32] reported that changes in oxide chemistry or thickness can

lter the cold spray deposition efficiency. Hassani-Gangaraj et al.

33] performed experiments comparing single-particle impact be-

avior between oxidizing and noble metals. They showed that jet-

ing and bonding events appear similar between noble gold and

xidizing aluminum, and suggested, based on analysis of published

old spray data, that copper—a metal of intermediate nobility—has

n oxide-dependent critical adhesion velocity. They did not, how-

ver, present single particle impact data on the same metal with

ifferent surface oxidation conditions in order to isolate the oxide-

ontribution to jetting or bonding. 

In the present work, we use a similar single-particle impact

maging approach as that of Veysset et al. [34] to more explicitly

solate the effects of surface oxides and hydroxides on the critical

dhesion velocity of high purity aluminum. By resolving the mo-

ent of impact with nanosecond level temporal resolution across

 range of speeds, we precisely measure variation in the critical

dhesion velocity caused by changes in particle surface character-

stics, while keeping constant all other variables that would usually

e uncontrollable and unclear in cold spray experiments, includ-

ng particle size, shape, and instantaneous velocity and tempera-

ure at the time of impact. Using this approach, we measure the

ritical adhesion velocity for different sets of aluminum powders

ith variable surface oxide or hydroxide chemistries and thick-

esses prepared with various heat and humidity treatments of the

eedstock powders. Simultaneously, we correlate the impact ob-

ervations directly with the composition, morphology, crystallinity,

nd thicknesses of the passivation layer observed to form with

ach heat/humidity treatment using high resolution transmission

lectron microscopy (TEM), X-ray photoelectron spectroscopy (XPS)

nd Fourier transform infrared spectroscopy (FTIR). 

. Experimental methods 

.1. Materials 

The gas atomized aluminum powders used in this study were

urchased from Valimet (Stockton, CA) and were processed at

nited Technologies Research Center (East Hartford, CT). Eight dif-

erent sets of powders were produced with the same input mate-

ials, but with different treatments designed to affect the natively

rown surface oxides. All treatments were conducted in fluidized

ed reactors such as that shown in Fig. 1 . One of these sets of pow-

ers was an “as-received” control sample with no additional ther-

al and environmental exposures. For three of the batches of pow-

er, argon was fed into the fluidized bed reactor while the tem-

erature was ramped to 300 °C at 10 °C / min. The powders were

eld at 300 °C for 30 min while the argon flow continued to al-

ow the entire powder bed temperature to stabilize. Powders were
hen held at 300 °C for an additional 240 min and then cooled un-

er argon at 10 °C/min. During the 240 min hold the argon flow

as replaced with dry air for three different lengths of time: 30,

0, and 240 min. The flow was then switched back to argon for the

emainder of the hold. An additional control sample was also cre-

ted, which followed the same cycles, but remained under argon

ow the entire time. Two further batches of powders were pro-

essed in the reactor for four days at 29 °C with humidified air

owing at either 50% or 95% relative humidity, to represent some

ypical ambient storage conditions. Some of the powder processed

n 95% relative humidity air was further heated to 300 °C for two

ours in air, and then placed in a vacuum desiccator for four days

o remove excess water from the surface. Table 1 summarizes the

ight distinct batches of powder used in these experiments. 

.2. Characterization 

.2.1. X-ray photoelectron spectroscopy 

Large area (30 0 × 70 0 μm slot aperture) X-ray photoelectron

pectroscopy (XPS) spectra were collected on a Kratos AXIS Supra

sing an Al monochromatic X-ray source at 15 mA, an electron

ood gun to reduce charging effects operated at 0.43 A, and a

pectrum energy step size of 0.1 eV. Energy calibration was per-

ormed by adjusting the sp 

2 bonded C 1 s peak to 284.5 eV. Due to

he resolution of the instrument and the proximity of the charac-

eristic (bonding-dependent) aluminum peaks, it was not possible

o determine the chemical state of the constituents of the passi-

ated aluminum system from XPS using either the O 2p or the Al

p peaks [35 , 36] . XPS samples were prepared by densely packing

owders on carbon tape affixed to a zirconia wafer used as a rigid

ubstrate. Passivation layer thickness was measured from the XPS

easurements following the procedure by Strohmeier [36] , assum-

ng a single uniform overlayer model via the formula: 

 = λo sin θ ln 

[
N m 

λm 

N o λo 

I o 

I m 

+ 1 

]

here d is the thickness of the passivation layer, λ is the inelas-

ic mean free path of an electron (IMFP) in the given media, θ is

he take-off angle (90 ° in the current instrument configuration), I

s the corrected photoelectron peak areas (representing intensity),

nd subscripts m and o denote the Al 2p photoelectron peaks for
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Table 1. 

Name and description of processing protocols for eight different batches of powder, as well as critical adhesion velocity ranges for each batch of powder. The critical 

adhesion velocity ranges are defined for each set of powder as the range containing an equal number of bonding and non-bonding impacts with the fewest impacts 

required to ensure only one such range exists. 

Name Description Critical Adhesion Velocity (m/s) 

As-received powders (As-Recd) No processing [824 - 868] 

High temperature baseline (HT-Base) Ramped to 300 °C in argon and held in argon for 270 min [801 - 827] 

High temperature air 30 min (HT-30) Ramped to 300 °C in argon, held in argon for 30 min, held in 

dry air for 30 min, held in argon for 210 min 

[839 - 848] 

High temperature air 60 min (HT-60) Ramped to 300 °C in argon, held in argon for 30 min, held in 

dry air for 60 min, held in argon for 180 min 

[787 - 843] 

High temperature air 240 min 

(HT-240) 

Ramped to 300 °C in argon, held in argon for 30 min, held in 

dry air for 240 min 

[837 - 881] 

50% relative humidity (RH-50) 50% relative humidity, 4-day exposure at 29 °C [815 - 842] 

95% relative humidity (RH-95) 95% relative humidity, 4-day exposure at 29 °C [940 - 1001] 

Desiccated 95% relative humidity 

(RH-95-D) 

Identical treatment as RH-95 followed by dry heat treatment 

in air at 300 °C for 2 h then vacuum desiccation for 4 days 

[864 - 940] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Coefficient of restitution as a function of impact velocity for high tempera- 

ture baseline and as-received control samples. 
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the metal and oxide respectively. Although this analysis is typically

performed on flat substrates, we believe this method is applica-

ble to the spherical powders studied here, considering that (1) the

effective surface curvature is negligible within the analysis area

defined by the aperture area, and (2) electrons emitted from the

sides of the particles are heavily attenuated by small take-off an-

gles relative to the particle surface and analyzer positioning. 

Peak fitting was performed in a standardized processing soft-

ware platform for XPS data (CasaXPS) using a Gaussian/Lorentzian

peak shape (for peaks representing oxide and/or hydroxide) and

a hybrid Doniach Sunjic and Gaussian/Lorenztian peak shape (for

peaks representing the metal) [37] . The passivation layer was as-

sumed to be primarily γ -Al 2 O 3 , because precise chemical informa-

tion of the nature of the passivation layers was not known. There-

fore, the IMFP in the oxide and metal were selected to be approxi-

mately 2.8 and 2.6 nm and the estimated ratio of N m 
N o 

was 1.5 [36] .

2.2.2. Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra were collected on a Jasco FT/IR-4700 spectrometer

fitted with an Attenuated Total Reflectance (ATR) accessory, oper-

ated for wavenumbers in the range 80 0–40 0 0 cm 

−1 . The instru-

ment was equipped with a single bounce ATR accessory (ATR Pro

One) with monolithic diamond, exhibiting a 1.0 cm 

−1 resolution.

Small quantities of the powder samples were placed atop the ATR

diamond and held by a press against the surface during acquisi-

tion. Compositional identification was qualitatively performed via

comparison with pure samples in Supplementary Fig. S2 and the

OH stretching (~280 0–40 0 0 cm 

−1 ) of the spectra. 

2.2.3. Scanning/transmission electron microscopy 

Thin lamellae comprising the passivating surface oxides and

near-surface region of the metal particle were prepared by lift out

from single particles (20–30 μm in diameter) using focused ion

beam (FIB) milling on a FEI Quanta 3D FEG (Thermo Fisher Sci-

entific Inc.) dual beam (SEM/FIB). Particles were well dispersed

on carbon tape affixed to the top of an SEM stub. A thin carbon

protective layer was deposited by permanent marker to improve

contrast during TEM/STEM imaging, and to protect specimen sur-

faces during subsequent platinum deposition. Platinum protective

layers were deposited on top of the carbon film, first using an e-

beam activated deposition followed by ion beam deposited plat-

inum. The as-received, HT-240, and RH-95 samples were imaged

on the JEOL JEM-2100F TEM operated at 200 kV. The RH-50 sam-

ple was imaged on the JEM-ARM300F Grand ARM TEM operated in

STEM mode at 300 kV with spherical aberration correction. 

2.3. Single particle impact measurements 

In-situ single particle tests were conducted using an in-house-

designed ballistic test apparatus described in more detail in Refs.
17 , 34] . Powder particles were spread onto a launch pad compris-

ng a glass substrate coated first with a sputtered gold film and

hen with a spin-coated polyurea film, atop which the particles

ere positioned. Individual particles were inspected and selected

or launch using an optical microscope lens, and in this study all

articles were selected to be spherical and 11 ± 2 μm in diameter.

 laser excitation pulse (pulsed Nd:YAG 10-ns duration, 532-nm

avelength) was then targeted at the back side of the launch pad,

ausing ablation of the gold layer and expansion of the elastomeric

lm behind the selected particle, launching it rapidly towards a

9.999% aluminum substrate (purchased from Laurand Associates

nc., Great Neck NY), polished to a mirror finish and positioned

50 μm away. Using a high-frame-rate camera (SIMX 16, Spe-

ialised Imaging), the in-flight velocity of the individual aluminum

article was recorded and the impact onto the substrate was ob-

erved. By using different laser pulse energies, multiple particles

ere launched, spanning a range of velocities. Particles launched

t a velocity below the critical adhesion velocity rebounded off the

ubstrate, and the post-impact rebound was recorded in addition

o the initial inbound flight; from the video images the incident

nd rebound velocities could be recorded. All experiments were

onducted in still air at room temperature. 

The critical adhesion velocity is extracted from the raw data by

ggregating results from many particle impact tests, as shown for

xample for the two control samples, as-received and HT-Base, in

ig. 2 . Here the coefficient of restitution (the ratio of the rebound

elocity to the impact velocity) is shown as a function of im-

act velocity. At lower velocities the particles rebound with nearly

0% of their incident velocity, but the coefficient of restitution de-

reases with increasing impact velocity until it reaches zero, indi-
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Fig. 3. Comparison of passivation layer thickness as determined from XPS and TEM. 
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ating that bonding has occurred. For pure metals this transition

enerally appears abruptly at nearly a single velocity [17] , but al-

oying, surface effects, small differences in size or shape, etc. can

ntroduce scatter into the critical adhesion velocity when it is mea-

ured using a series of individual particles. Accordingly, herein we

eport a narrow range of velocity values across which we observe

ome particles that bond and others that do not. This range is de-

ned for each set of powders as the range of velocities containing

n equal number of bonding and non-bonding impacts with the

ewest impacts required to ensure only one such range exists. The

verage critical velocity is taken to be the average of the highest

nd lowest impact velocities reported in this range. 

.4. Post-mortem characterization 

In order to observe cross sections of the impacted and adhered

articles and the jets that form at the particle-substrate interface,

onded particles were micro-machined using a Helios Nanolab 600

ual Beam Focused Ion Beam (FIB) Milling System at 30 kV ac-

elerating voltage and currents ranging from 9.3 nA to 28 pA. An

lectron beam was used to deposit a thin layer of platinum on sev-

ral of the adhered particles to protect the nanoscale jet features

uring the milling process. 

. Comparison of passivation layer thickness 

Passivation layer thickness was measured by XPS and TEM. XPS

tilized a large area aperture and thus the passivation layer thick-

ess, as determined from the ratio of oxide and metallic Al 2p

eak areas, is interpreted as an average over a powder sample en-

ompassing a large number of particles. In contrast, TEM thick-

ess measurements were performed on individual particles from

hich thin lamellas were lifted out, with each TEM micrograph

nly sampling a few tens of nanometers of oxide. Fig. 3 com-

ares the oxide thickness of 5 different batches of powder, both

xtracted by XPS and averaged over TEM micrographs. Generally,

e find reasonable agreement in the magnitude between XPS and

EM measurements, despite the assumptions made of the passiva-

ion layer composition and the round particle morphology needed
or the XPS analysis calculations. The discrepancies between the

wo measurement techniques are entirely attributed to the much

maller sample area of the TEM micrographs. While the agreement

s generally within 1 nm, these discrepancies raise caution about

xtraction of thickness data from TEM images alone and support

he use of XPS as a large-area technique. Therefore, comparison of

assivation layer thickness is performed exclusively using the XPS

alculated values in what follows. We emphasize that while their

mall measurement area does not provide reliable average thick-

ess measurements, TEM micrographs do reveal rich data regard-

ng the crystallinity, uniformity, and surface roughness of the oxide

ayers, which will be useful in the following sections. 

. Hot, dry air exposure 

Fig. 4 shows high resolution TEM micrographs of the passi-

ation layers of the as-received control sample ( Fig. 4 a) and the

T-240 sample ( Fig. 4 b) accompanied by XPS and TEM passiva-

ion layer thickness measurements of the as-received, HT-30, HT-

0, and HT-240 samples ( Fig. 4 c,d). From the XPS thickness mea-

urements, all the passivation layers were approximately ~5–6 nm,

egardless of heat treatment duration or atmosphere ( Fig. 4 c).

onfidence intervals based on the standard deviation of the XPS

hickness measurements were approximately ±0.2–0.3 nm as de-

ermined using the Monte Carlo computed error matrix, which

pproximates the relative sensitivity of the peak fitting to noise

see Supplementary information). In actuality, the errors may be

omewhat higher considering the assumptions made of the IMFP,

niformity, composition, and curved particle surface. The passi-

ation layer thicknesses from TEM micrographs were measured

very 0.2 nm along the centerline from the intersection of the

enterline normal with the boundaries formed from the carbon-

assivation layer interface and the interior Al lattice. Distribu-

ions of passivation layer thickness for the as-received and the

T-240 samples are depicted in Fig. 4 d, alongside their average

alues. The measured passivation layer thicknesses on these five

amples are consistent with reported literature on low tempera-

ure oxidation of aluminum. Both the as-received and HT-240 sam-

les appear fully amorphous, uniform and smooth. Aluminum has
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Fig. 4. TEM micrographs of surface passivation layers on the: (a) as-received; and (b) HT-240 sample. Dashed white lines denote the boundaries of the passivation layer in 

TEM micrographs. (c) XPS thickness measurements for control and hot and dry treated samples. (d) Cumulative distributions of measurements from the TEM micrographs of 

a and b with dashed line indicating the mean. 
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been reported to form an amorphous oxide only a few nanome-

ters thick at room temperature [38] . At oxidation temperatures less

than 350 °C, the growth rate of this amorphous film is slow and

logarithmic [39] . 

Thus, the first five samples listed in Table I are assessed to be

essentially identical, in that they are the same base powder sub-

jected to five treatments that apparently induce no substantive

change in the surface characteristics of the powder. It is perhaps

not surprising then to see that the single particle impact results

in Fig. 5 show an excellent degree of overlap in the coefficient of

restitution curves amongst these samples. There are two outliers in

the 60- and 240-minute dry air samples at velocities near 1 km/s,

for which we have no clear explanation, but when they are ignored

the overlap of the five datasets is quite good and all exhibit criti-

cal adhesion velocities that are about the same. Table I also reports

quantitative measures of the critical adhesion velocities; the ranges

overlap amongst this series of samples. 

On the premise that all five of these powders can be treated as

chemically and structurally identical, we can aggregate all of the

single particle impact data to give a more statistically robust range

for the critical adhesion velocity of 836 ± 12 m/s. This value is only

slightly different from the critical adhesion velocity of 810 m/s re-

ported by Hassani-Gangaraj et al. [17] , who used a single-particle

a  
pproach to measure the critical adhesion velocity of slightly larger

luminum particles 14 ± 2 μm in diameter impacting an alu-

inum substrate, with an unknown surface condition that we as-

ume would be rather like our as-received powders. 

. Humid air exposure 

Fig. 6 shows high resolution TEM/STEM images of the surfaces

f the 50% ( Fig. 6 a) and 95% ( Fig. 6 b,c) relative humidity expo-

ure samples, alongside thickness measurements ( Fig. 6 d) and dis-

ributions ( Fig. 6 e) obtained by TEM and XPS. Despite exposure to

umidity, the passivation layer of the RH-50 sample was not ob-

erved to thicken. However, noticeable surface roughening is ob-

erved and likely indicates the beginning of hydration of the out-

rmost surface [40] . Nonetheless, the passivation layer appears to

emain amorphous. In contrast, the RH-95 sample has noticeably

hickened compared to the high temperature and dry treated sam-

les, but the surface appears to be smooth unlike the RH-50 sam-

le – with the caveat of significantly greater thickness variations of

pproximately 3.5 nm. Furthermore, pockets of crystallinity were

bserved within the passivation layer of the RH-95 sample as de-

oted in Fig. 6 c. Though the passivation layer on these powders

s approximately 8 nm thick on average, only slightly thicker in

n absolute sense than that of both the control sample and RH-50
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Fig. 5. Coefficient of restitution as a function of impact velocity for as-received 

powder, high temperature baseline, 30 min at 300 °C, 60 min at 300 °C, and 

240 min at 300 °C. 
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amples at ~5–6 nm, this represents a significant relative increase

n thickness of ~45%. 

Fig. 7 shows the measured FTIR spectra for seven treated sam-

les. The only sample to show clear evidence of OH groups is the

H-95 sample, as seen from strong characteristic OH stretching vi-

rational mode peaks between 3300 and 3700 cm 

−1 – which coin-

ide with several of the polymorphs of aluminum hydroxides and

xyhydroxides, specifically gibbsite, diaspore, and bayerite [41 , 42] .

nterestingly, these spectra exclude the presence of boehmite and

erhaps nordstrandite (see Supplementary information, Fig. S2). 

Fig. 8 shows the single-particle impact test results for each

atch of powder exposed to humid air, as well as a control batch,

hile Table I reports the measured critical adhesion velocities. We

id not observe a significant difference in critical adhesion velocity

etween the as-received particles and the 50% relative humidity

articles, with both lying in the range of ~815 to 860 m/s. How-

ver, with the 95% relative humidity powders we observe a sig-

ificant jump in the critical adhesion velocity to ~970 m/s. The

act that this is the only specimen group to show any deviation

n the critical adhesion velocity matches well with the fact that

his was the only sample to exhibit unique surface features, in-

luding: (1) a passivation layer that on average was slightly thicker

~8 nm) than found with both the control sample and the 50% rel-

tive humidity powder (~5 nm); (2) distinct regions of crystallinity

n the oxide/hydroxide on the 95% powder; and (3) the presence of

H bonds, with spectral features associated with crystalline forms

f the oxides/hydroxides in the spectrum – not seen in the other

amples. 

Any or all of the differences observed between the passivation

ayer on the RH-95 sample and the as-received powder may con-

ribute to the observed increase in critical adhesion velocity in that

ingle batch of powder. In an attempt to deconvolve the respec-

ive roles of these changes, we conducted an additional set of ex-

eriments in which we attempted to dehydrate these powders by

eating and desiccating them. A small amount of the 95% rela-

ive humidity powder was heated to 300 °C for two hours, and

hen placed in a vacuum desiccator for four days with the goal

f removing as much hydration from the surface of the particles

s possible. Based on our observation above that passivation layer

tructure and critical adhesion velocity was not affected by hold-

ng as-received powder at 300 °C in a dry or low relative humidity

nvironments for several hours, this heating and desiccation treat-

ent was designed as an effort to remove excess hydration from

he surface of the particles without otherwise growing the native

xide. 
Following heat treatment and vacuum desiccation, the passi-

ation layer of the RH-95-D sample was observed to decrease in

hickness slightly, by less than a nm, and recover a higher de-

ree of thickness uniformity. There was no evidence of crystallinity

ithin the passivation layer after the treatment as seen in Fig. 9 .

he absence of strong peaks in the FTIR spectra following desicca-

ion [43] indicates some recovery of a metastable oxide form; how-

ver, the broad peak centered at 3300 cm 

−1 may partially be the

esult of remaining physiosorbed water [42] . Therefore, we con-

lude the pockets of crystallinity within the RH-95 sample were

ikely alumina (oxy)hydroxides, which are apparently lost upon de-

ydration. Again, from the TEM micrographs of Fig. 9 , the passiva-

ion layer of the desiccated powder remains smooth and varies in

hickness less than the RH-95 sample. 

We then retested the impact and bonding behavior post-

esiccation, with results shown in Fig. 10 . Interestingly, we did

n fact observe a drop in the velocity required for adhesion in

he desiccated powders. While there is more scatter in this new

ataset than in the others (a point to which will we shortly re-

urn), quantitatively, the average critical adhesion velocity declined

rom 970 to 902 m/s, and the lowest velocity at which we recorded

n adhesion event dropped from 955 to 879 m/s. 

. Discussion 

Multiple differences were observed between the passivation

ayer on the RH-95 sample and the as-received powder: the thick-

ess, composition, and microstructure are all affected by the high-

umidity treatment, where none of the other treatments induced

hanges in any of those properties of the passivation layer. The

ata on the desiccated, dried 95% relative humidity powder pro-

ided evidence that hydroxide chemistry, and in particular the

resence of OH, seems to be an important factor in determining

he critical adhesion velocity. This set of powders displayed a crit-

cal adhesion velocity that was less well defined than the other

atches of powders. In other words, there was a range of velocities,

oughly between 870 and 10 0 0 m/s, in which a mixture of both

dhesion and rebound behavior was observed. This result shows

hat the surface chemistry changes caused by moisture may in-

olve subtle and variable effects from one particle to the next. 

In addition to changes in chemistry, a three-nanometer differ-

nce in oxide thickness was observed between the as-received and

he RH-95 powder. On its face, 3 nm of additional oxide thickness

eems rather insignificant to the scale of the problem of impact

dhesion, with its 10 μm particle-size scale and associated large

lastic zone size. However, we note that the controlling physics

f bonding has been related to the formation of extremely small

jets’ of ejected material at the periphery of the particle contact

egion, locations which inherently involve the passivation oxides.

s such, the relative importance of the surface passivation layer to

hese very small jets may be much higher. We explore this notion

n what follows. 

In 2005 Vlcek et al. provided a qualitative ranking of material

uitability for the cold spray process based on shock-compression

henomena and related physical effects, such as impact heating

nd dynamic yielding [44] . These researchers suggested that criti-

al adhesion velocity and the onset of jetting are closely related to

hock-compaction phenomena in matter. More recently, hydrody-

amic pressure release has been proposed as the mechanism con-

rolling the onset of jetting and bonding in cold spray by Hassani-

angaraj et al. [26 , 27] . When a high-speed microparticle first im-

acts a substrate, a compressed shock wave is formed at the con-

act interface. A few nanoseconds later, the high-pressure wave

vertakes and detaches from the edge of the flattening particle,

eleasing the pressure at the free surface and producing signifi-

ant localized tension; this leads to spall/fragmentation in the form
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Fig. 6. (a) High resolution dark field STEM of the 50% relative humidity exposure and (b,c) high resolution TEM of the 95% relative humidity exposure passivation layers. 

Dashed white lines denote the boundaries of the passivation layer in TEM micrographs. (d) XPS thickness measurements of all aluminum samples show the high humidity is 

the only sample to noticeably thicken. (e) Cumulative distributions of measurements of TEM micrographs for as-received, HT-240, and RH-95 samples. Dashed lines indicate 

the mean. The RH-95 sample exhibits a much broader variation in thickness with significantly thicker regions. The RH-50 sample is omitted from the cumulative distribution 

because of the siginfiicantly higher magnification and thus smaller sampling region. 



J. Lienhard, C. Crook and M.Z. Azar et al. / Acta Materialia 197 (2020) 28–39 35 

Fig. 7. Fourier-transform infrared spectra of high purity aluminum powder samples 

shows that the only sample with the presence of OH stretching vibration modes is 

the RH-95 sample. 

Fig. 8. Coefficient of restitution as a function of impact velocity for as-received 

powder, 50% relative humidity powder, and 95% relative humidity powder. 
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f a jet. It is widely believed in the field of cold spray that such

ocalized deformation precisely at the interfacial regions between

article and substrate is responsible for the break-up of passiva-

ion layers, allowing clean metal contact and bonding to occur

3 , 6 , 8 , 20–22] . A schematic of jet formation is shown in Fig. 11 ,
ig 11. Sequence of events during jetting. a) Upon impact, a shock wave is induced. b) 

article-substrate interface, releasing pressure at the free surface and creating a region of 

f the material in the jet, the material will accelerate, and a jet will form. The thickness

ot meant to suggest that pressure/tension is uniformly distributed. More of the jet mate
here we also illustrate the oxide or hydroxide layer; although

he oxide is small compared to the particle, it is more signifi-

ant on the scale of the jets, which are very fine, having nanoscale

eatures. 

Fig. 12 a shows an image of the particle-substrate interface on

n as-received particle which impacted the substrate at approxi-

ately 900 m/s. Jetted material can clearly be seen extending out

rom the interface and folding over onto the substrate. As the jet-

ed material tends to fold over on itself, understanding the thick-

ess of the jets by looking down from above is difficult. Instead,

ig. 12 b, 12 c, and 12 d show cross-sections of impacted particles

hat have been milled with a focused ion beam. Fig. 12 b shows a

IB cross section of the jet on an impacted as-received particle, fo-

used on the right-hand side of the particle and cut through its

enter. Here we see the dome of the particle and the interface

etween the particle and substrate, with an ejected jet of mate-

ial emerging where the interface meets the free surface. Fig. 12 c

hows an impacted and bonded RH-95 cross-sectioned particle,

nd Fig. 12 d shows a higher magnification image of the same par-

icle focused on the right-hand side. Although the jet in Fig. 12 c

nd 12 d is covered with Pt (used as a protective coating during ion

illing), we can easily discern the jetted aluminum, indicated with

hite arrows, which is at most 300 nm thick. The tip of the post-

ortem remaining jet material has a thickness on the order of 100

anometers. In Fig. 12 , the jet appears to come preferentially from

he substrate side of the interface. There were no significant ob-

ervable differences in the postmortem impacts of the as-received

luminum powder and the RH-95 powder. 

The extremely fine size of the jetted region supports the obser-

ation that just a few nanometers of oxide material can have a pro-

ounced effect on impact bonding, and explains the role of humid-

ty through its inflation of the thickness of that layer and modifi-

ation of the local mechanical characteristics. A simple estimate of

hese roles can be made using Hassani-Gangaraj et al.’s model for

et formation based on hydrodynamic pressure release, which sug-

ests that the critical adhesion velocity for jetting is proportional

o the dynamic yield strength (or spall strength) of the material

26 , 45] . To a first order approximation, the geometry of the jet is

oughly one of simple parallel tensile loading of both metal and

xide (as shown schematically in Fig. 11 b), and we imagine that

ust beneath the surface of the particle and substrate contact edge

s a state of nearly pure tension parallel to the interface back to

t least some distance away from the particle and substrate con-

act edge. This geometry is such that the oxide layer can have a

arge influence: in the limit of pure interfacial tension, a simple

ule-of-mixtures on the dynamic strengths of aluminum and alu-

inum oxide might control the formation of a jet, where the ox-

de, being a more rigid and nominally stronger reinforcing layer,

ould increase the “effective” strength at the interface. A natural

onsequence of strengthening the interface in this way is that the
Several nanoseconds later, the shock wave detaches from the leading edge of the 

localized tension. c) When this localized tension exceeds the effective spall strength 

 of the oxide is exaggerated in this illustration, and the uniformity of the colors is 

rial appears to originate in the substrate than in the particle. 
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Fig. 9. (a,b,c) Three high resolution micrographs taken from a desiccated 95% relative humidity exposure particle after heat treatment and desiccation, to show the range 

of thicknesses typically observed. Dashed white lines denote the boundaries of the passivation layer in TEM micrographs. (d) XPS thickness measurements show excellent 

agreement with TEM measurements. (e) FTIR spectra show the disappearance of OH stretching modes post treatment indicating recovery of a metastable oxide form. The 

broad band at 3300 cm-1 may indicate remaining surface physiosorbed water. (f) The cumulative distribution of thickness measurements. The desiccated sample shows a 

similar distribution to the as-received sample. 
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Fig. 10. Coefficient of restitution as a function of impact velocity for the 95% rela- 

tive humidity particles and desiccated 95% relative humidity particles. 
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mount of strain that develops would be reduced; as seen in, e.g.,

old pressure welding [46] . Lower interfacial strains would affect

ot only the area of broken oxide through which metallic bonds

ould form, but also the formation of metal-on-metal contacts by

xtrusion through available oxide gaps. 

Taking 100 nanometers as the total cross-sectional width of the

nitial jet region, the passivating oxide layer would represent about

% of the thickness in as-received materials and a bit more at 8%

n the RH-95 powder. Given that spall strength is proportional to

ulk modulus, the ratio of oxide to aluminum strength is of the or-

er 2x for an amorphous oxide and 3x for a semi-crystalline oxide.

 simple parallel-loading rule-of-mixtures using these kinds of in-

uts can plausibly support an increase in critical adhesion velocity

f about 15% upon our RH-95 treatment, which thickens the oxide
ig 12. (a) Particle-substrate interface of an as-received particle, (b) postmortem remains 

article, (d) and closer view of RH-95 cross-section. 
y 3 nm and creates pockets of crystallinity in the oxide, with an

ssociated increase in the effective oxide strength. This increase is

ather comparable to the measured 14% increase in critical adhe-

ion velocity with the RH-95 treatment. 

Thus, while it is nominally surprising that a few nanometers

f passivating oxide could affect impact bonding by over 100 m/s

n critical adhesion velocity, the nature of the severe local defor-

ation that prevails at the interface dramatically inflates the rel-

vance of that layer’s geometry and properties. We therefore pro-

ose that particle surface treatments that impact surface chemistry

nd phases should be more actively explored as a potentially fruit-

ul avenue for improved cold spray coatings. 

. Conclusion 

In order to understand the role of surface oxides/hydroxides

n cold spray adhesion, we measured the critical adhesion veloc-

ty for eight batches of aluminum powders that had been pro-

essed in different humidity and temperature environments. Heat-

ng aluminum powder to a temperature of up to 300 °C for a finite

mount of time of less than 4 h caused no observable changes in

he surface condition of the powders that we identified using our

haracterization methods, and no significant change in the criti-

al adhesion velocity. In contrast, a batch of aluminum powder

hat was held in 95% relative humidity room temperature air for

our days exhibited a dramatic 14% jump of more than 125 m/s in

ritical adhesion velocity. Using several characterization techniques

ncluding transmission electron microscopy and X-ray photoelec-

ron spectroscopy, we observed that the thickness of the passiva-

ion layer on this high-humidity powder had increased by about

–3 nm. Furthermore, changes in the surface chemistry were ob-

erved, with the hydrated powders containing OH bonds that were

ot present in the control samples and suggestions of greater crys-
of a jet on an impacted as-received particle, ( c) cross-section of an impacted RH-95 
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tallinity as well. A second experiment retested the critical adhesion

velocity of these high-humidity particles after desiccation, which

resulted in a reduction of critical adhesion velocity (with atten-

dant reductions in observed hydration and crystallinity), but not a

full recovery to that of the control sample. 

Based on these experiments, we conclude that the nature of

the passivation layer—its thickness, chemistry and structure—can

contribute significantly to impact adhesion. While it is notionally

somewhat unexpected that 3 nm of growth in a passivation layer

can affect impact bonding to such a large degree, we find that

it can be rationalized on the basis of how localized the interface

deformation leading to bonding is. Our measurements of impact

jetting at the contact periphery suggest localization to a level of

~100 nm, which renders a change in the passivating layer thick-

ness at the scale of just a few nanometers surprisingly relevant,

especially when the layer hydrates and crystallizes as well. 

The changes in critical adhesion velocity we observed on expo-

sure to humid air suggest that the environment powder is stored

in can have important consequences in industrial cold spray pro-

cessing. Storing powder feedstock in humid environments, for ex-

ample, may significantly reduce the quality of the powder and

significantly raise the critical adhesion velocity. In contrast, stor-

ing powder in hot dry air should be less problematic. In the fu-

ture, particle surface treatments should be considered a key direc-

tion for improving cold spray processes. Further work will be re-

quired to further quantify the role of passivation layer thickness

on critical adhesion velocity when no changes in chemistry or hy-

dration are present. Methods for reducing or removing surface ox-

ides/hydroxides and contamination should also be explored as they

may lead to reductions in critical adhesion velocity required for

cold spray adhesion. 
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